Abstract: Wadi aquifers in Saudi Arabia historically have been recharged primarily by channel loss (infiltration) during floods. Historically, seasonal groundwater levels fluctuated from land surface to about 3 m below the surface. Agricultural irrigation pumping has lowered the water table up to 35 m below the surface. The geology surrounding the fluvial system at Wadi Qidayd consists of pelitic Precambrian rocks that contribute sediments ranging in size from mud to boulders to the alluvium. Sediments within the wadi channel consist of fining upward, downstream-dipping beds, causing channel floodwaters to pass through several sediment sequences, including several mud layers, before it can reach the water table. Investigation of the wadi aquifer using field observation, geological characterization, water-level monitoring, geophysical profiles, and a hypothetical model suggests a critical water level has been reached that affects the recharge of the aquifer. The wetted front can no longer reach the water table due to the water uptake in the wetting process, downstream deflection by the clay layers, and re-emergence of water at the surface with subsequent direct and diffusive evaporative loss, and likely uptake by deep-rooted acacia trees. In many areas of the wadi system, recharge can now occur only along the channel perimeter via fractured rocks that are in direct horizontal hydraulic connection to the permeable beds above and below the water table.
Introduction
In drylands regions, most stream discharges are of an ephemeral nature with no perennial discharges of surface water that are locally produced [1] . In the Middle East region, ephemeral streams are termed wadis and the underlying alluvial sediments are commonly the only sources of fresh groundwater in many basins [2] . Wadis have been historically areas where oases have occurred in which wells containing freshwater and small farms were developed.
The aquifer underlying a wadi channel is recharged primarily by infiltration and percolation coupled with transmission loss (infiltration) in the channel during flood events [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . A number of
The aquifer underlying a wadi channel is recharged primarily by infiltration and percolation coupled with transmission loss (infiltration) in the channel during flood events [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . A number of important factors dictate the quantity of recharge to these aquifers. They include: (1) duration of the channel flood event, (2) degree of surface water ponding within the wadi channel during an event, (3) vertical hydraulic conductivity of the alluvial sediments, (4) degree of horizontal stratification (e.g., presence of mud layers within the sequence), (5) slope and structure of the bedding within the aquifer, (6) position of the water level in the aquifer at the time of the flood, and (7) the occurrence of deep-rooted vegetation (phreatophytes).
Depending upon the geology of the basin in which a wadi channel lies, the alluvial sediments constituting the underlying aquifer can consist primarily of boulders, gravel, and sand, or can contain significant quantities of mud that forms a stacked pattern with mud layers creating separation between the high hydraulic conductivity gravel beds ( [12] , Figure 1 ). Where the aquifer consists of fining upwards beds associated with individual flood events, the saturated front of water percolating downward in the aquifer may be intercepted and diverted horizontally downstream or can be extracted by vegetation that has horizontal oriented root masses occurring atop mud layers [1] . In wadi segments where the channel slope is steep, the bedded sediments can be truncated, causing the percolated water to emerge downstream and be lost to direct evaporation or can be transported to a shallow depth at which diffusive evaporation loss can occur. This issue is particularly problematic at transition locations where slope inflections occur between channel-reach segments. In addition, water can be lost in channel segments that have eroded after a flood event ( Figure 2 , left panel). The steepest slope inflections tend to occur at transitional locations from the distal to middle, and middle to proximal channel locations. [12] ).
In highly-stratified alluvial aquifers, a substantial lowering of the water table can cause a major reduction in the rate of recharge for individual storm events as well as a long-term reduction in overall recharge. The three causes of the reduction in recharge rate are: (1) the increased thickness of the unsaturated zone which creates the requirement of a greater amount of water to enter the aquifer to allow wetting of the unsaturated sediment; (2) the occurrence of the clay layers that inhibit vertical movement of the wetting front; and (3) the greater number of horizontal diversions that inhibit downward movement of the wetted front. The increased thickness of the unsaturated zone In highly-stratified alluvial aquifers, a substantial lowering of the water table can cause a major reduction in the rate of recharge for individual storm events as well as a long-term reduction in overall recharge. The three causes of the reduction in recharge rate are: (1) the increased thickness of the unsaturated zone which creates the requirement of a greater amount of water to enter the aquifer to allow wetting of the unsaturated sediment; (2) the occurrence of the clay layers that inhibit vertical movement of the wetting front; and (3) the greater number of horizontal diversions that inhibit downward movement of the wetted front. The increased thickness of the unsaturated zone causes a rainfall event to be of larger magnitude and of a longer duration before recharge can occur. The larger number of barriers to vertical flow with diversion amplifies the problem of vertical flow to allow recharge as the water table declines. Enhanced growth of deep-rooted vegetation, such as Acacia sp., may also contribute to the change in hydrology. Based on local conditions, a critical position of the water table will be reached whereupon recharge from channel flood loss will no longer occur.
It is the purpose of this research to explore the issue of anthropogenic lowering of water levels by pumping of wells in a wadi aquifer system that severely reduces or eliminates channel flood loss as a means of recharge. Loss of water from the alluvial aquifer system has been further exacerbated by the historical planting of Acacia trees which are phreatophytes. This can cause the only recharge mechanism to be vertical movement into fractured rocks occurring at the wadi perimeter or the permanent drying of the alluvial aquifer. The concept is investigated by field observation of the geology and hydrogeology of a wadi system occurring in a geologic setting that produces considerable quantities of mud during erosion. Water level measurements, geophysical measurements, and a theoretical assessment using one-dimensional unsaturated zone modeling were also made.
Background and Methods

Site Description
The western region of Saudi Arabia contains numerous wadi systems that drain into the Red Sea during flood events [13] . These wadis are very mature systems that have been formed as erosion channels incised into Precambrian-age rocks with diverse lithologies [14] . Wadis that occur in Precambrian rocks consisting of partially-metamorphosed shales, schists, metavolcanic, and meta-sediments tend to contain a greater quantity of mud within the alluvial sediment filling the channel and forming the underlying aquifer. At other locations, Precambrian granites produce a higher percentage of boulders, pebbles, gravel, and sand with lower mud content.
A series of field studies were conducted in Wadi Qidayd that is located about 120 km north of Jeddah in western Saudi Arabia (Figure 3 ). The geology of the Wadi Qidayd consists primary of schists, and meta-sedimentary rock types that produce a wide variety of sediments including boulders, cobbles, pebbles, gravel, sand, and mud [15] . The wadi channels are located in areas of enhanced faulting and fracturing of the Precambrian rocks and have been influenced by the influx of tertiary lava flows [16] . The Precambrian rocks surrounding the wadi channels are heavily fractured. An eroded tertiary lava field, eroded into boulders, commonly lies adjacent to the incised valleys formed by the wadi.
The composition of the sediments constituting the alluvial aquifer system that underlies the channel network varies depending on the geographic position. The geomorphic zones, as defined by Missimer et al. [12] (Figure 2) , are the distal, middle, and proximal reaches. The aquifer in the distal channel reaches is 3 to 5 m thick and contains only a few mud layers which generally are located just above the fractured bedrock. In the middle segments, the aquifer thickness ranges from 5 to 50 m in thickness and it consists of a vertically stacked sequence of fining upward, bedded sediments. A mud layer does not always occur between layers of coarse-grained sediments due to removal by periodic erosion events. The proximal channel sediments range from 50 to 100 m in thickness and contain numerous fining upward flood deposited units along with 1 to 3 m thick units of muddy sand or sandy mud, some gravel beds, and some winnowed sand beds. Some of the bedding was directly observed in dry and deep wells with an exposed open-hole section (Figure 4 ). Local residents provided some descriptions of the sediments in the wells, which are large in diameter (2 to 3 m) and were dug by hand. A series of field studies were conducted in Wadi Qidayd that is located about 120 km north of Jeddah in western Saudi Arabia (Figure 3) . The geology of the Wadi Qidayd consists primary of schists, and meta-sedimentary rock types that produce a wide variety of sediments including boulders, cobbles, pebbles, gravel, sand, and mud [15] . The wadi channels are located in areas of enhanced faulting and fracturing of the Precambrian rocks and have been influenced by the influx of tertiary lava flows [16] . The Precambrian rocks surrounding the wadi channels are heavily fractured. An eroded tertiary lava field, eroded into boulders, commonly lies adjacent to the incised valleys formed by the wadi. The composition of the sediments constituting the alluvial aquifer system that underlies the channel network varies depending on the geographic position. The geomorphic zones, as defined by Missimer et al. [12] (Figure 2 ), are the distal, middle, and proximal reaches. The aquifer in the distal channel reaches is 3 to 5 m thick and contains only a few mud layers which generally are located just above the fractured bedrock. In the middle segments, the aquifer thickness ranges from 5 to 50 m in thickness and it consists of a vertically stacked sequence of fining upward, bedded sediments. A mud layer does not always occur between layers of coarse-grained sediments due to removal by periodic erosion events. The proximal channel sediments range from 50 to 100 m in thickness and contain numerous fining upward flood deposited units along with 1 to 3 m thick units of muddy sand or sandy mud, some gravel beds, and some winnowed sand beds. Some of the bedding was directly observed in dry and deep wells with an exposed open-hole section (Figure 4 ). Local residents provided some descriptions of the sediments in the wells, which are large in diameter (2 to 3 m) and were dug by hand. The composition of the sediments constituting the alluvial aquifer system that underlies the channel network varies depending on the geographic position. The geomorphic zones, as defined by Missimer et al. [12] (Figure 2) , are the distal, middle, and proximal reaches. The aquifer in the distal channel reaches is 3 to 5 m thick and contains only a few mud layers which generally are located just above the fractured bedrock. In the middle segments, the aquifer thickness ranges from 5 to 50 m in thickness and it consists of a vertically stacked sequence of fining upward, bedded sediments. A mud layer does not always occur between layers of coarse-grained sediments due to removal by periodic erosion events. The proximal channel sediments range from 50 to 100 m in thickness and contain numerous fining upward flood deposited units along with 1 to 3 m thick units of muddy sand or sandy mud, some gravel beds, and some winnowed sand beds. Some of the bedding was directly observed in dry and deep wells with an exposed open-hole section ( Figure 4 ). Local residents provided some descriptions of the sediments in the wells, which are large in diameter (2 to 3 m) and were dug by hand. A few aquifer tests were conducted in the area and showed a range in horizontal hydraulic conductivity values from 5 to 334 cm/h (1.4ˆ10´3 to 9.3ˆ10´2 cm/s) and vertical hydraulic conductivity values ranging from 4 to 34 cm/h (1.1ˆ10´3 to 9.4ˆ10´3 cm/s) [12] . Sediment samples were collected from cross sections of the channels at specific areas and the laboratory grain size distributions, porosity, and hydraulic conductivities were measured [17] . Estimates of the vertical hydraulic conductivity of the mud layer, when greater than 5 cm in thickness, are about 0.89 cm/h (2.5ˆ10´4 cm/s) and at about 10 cm in thickness are less than 0.083 cm/h (2.3ˆ10´5 cm/s). The aquifer in the distal area is unconfined and in the middle and proximal is semi-unconfined to semi-confined in nature [18] .
Field Observation Methods
Numerous field excursions and exercises were conducted at Wadi Qidayd over a period of three years. A large number of wells were inspected and discussions were held with the farmers in the area. The bedding was observed and described in some dry wells where it could be directly [4] recorded. Additionally, within the channel and particularly at the edges, the fining upward sediment flood deposits were observed. The channel was inspected and some areas of moisture emergence Water level recording devices (HOBO DataLoggers) were placed in several wells to document the depletion of the aquifer caused by pumping. The record from the well data is incomplete because during pumping cycles, the water level would commonly fall below the position of the transducer. Sometimes farmers would remove the transducers from the wells to dig below the depleted water table. The location of the well where water level data were recorded is shown in Figure 5 .
in the distal area is unconfined and in the middle and proximal is semi-unconfined to semi-confined in nature [18] .
Numerous field excursions and exercises were conducted at Wadi Qidayd over a period of three years. A large number of wells were inspected and discussions were held with the farmers in the area. The bedding was observed and described in some dry wells where it could be directly [4] recorded. Additionally, within the channel and particularly at the edges, the fining upward sediment flood deposits were observed. The channel was inspected and some areas of moisture emergence were observed ( Figure 2 , right panel). The occurrence of deep-rooted desert plants (Acacia sp.) was documented.
Water level recording devices (HOBO DataLoggers) were placed in several wells to document the depletion of the aquifer caused by pumping. The record from the well data is incomplete because during pumping cycles, the water level would commonly fall below the position of the transducer. Sometimes farmers would remove the transducers from the wells to dig below the depleted water table. The location of the well where water level data were recorded is shown in Figure 5 . 
Collection of Geophysical Profiles across Parts of Wadi Qidayd
Some geophysical profiles were collected across the wadi channel ( Figure 5 ) after a rainfall event from the edge of the wadi to the central part of the channel. The target of the geophysical study was to find the thickness of the surface layer and the depth to the water table. In this regard, one seismic and two resistivity profiles were recorded at the selected study area ( Figure 5 ).
The 2D seismic profile had a total of 117 vertical component receivers with 2.0 m spacing and one shot at every receiver position. Here, a 91 kg accelerated weight drop was used to generate the seismic energy with about 15 stacks used at each shot location.
The seismic refraction method was very sensitive to velocity/density variations in the subsurface, while the resistivity method is more sensitive to water content in the subsurface layer Figure 5 . Locations of three geophysical profiles in Wadi Qidayd with both seismic refraction and resistivity profiles along tract P1 and only resistivity along tract P2.
The seismic refraction method was very sensitive to velocity/density variations in the subsurface, while the resistivity method is more sensitive to water content in the subsurface layer [19] . In this study two resistivity profiles were recorded ( Figure 5 ) to identify the depth to the water table. Profile P-1 was recorded using 64 nodes with a 5 m node interval while profile P-2 was recorded using 32 nodes with node interval of 5 m. Both profiles were recorded using the Wenner-Schlumberger configuration.
Hydrodynamic Modeling
Vertical movement of the wetting front through the sediment sequence was assessed by using a simplified one-dimensional water flow model. The hydrological simulator Hydrus 1-D was utilized to numerically solve the Richards equation for the soil hydrodynamics, expressed here in terms of pressure head [20] :
where the time and depth dependent pressure head (h) is given in cm, θ is the soil water content (cm 3¨c m´3), C(h) = dθ (h)/dh is the differential water capacity where θ(h) is the water content as a function of pressure head (cm 3 /cm 3 ), t is the time (h), z is the depth which is considered positive downward (cm), and K(θ) is the hydraulic conductivity as a function of water content (cm/h). The water retention and hydraulic conductivity functions of the subsurface system were described by the classical Mualem-van Genuchten model [21, 22] . The water retention is given by:
where α (1/cm) and n(-) are shape parameters which are inversely related to the air entry value and the width of the pore size distribution, θ s and θ r are the residual and saturated water contents respectively, and m is defined as m = 1´1/n with n > 1 [21] . The hydraulic conductivity is given by:
where Ks is the saturated hydraulic conductivity (cm/h) and λ(-) represents pore tortuosity. The value of λ is 0.5 or it can be estimated from bulk density and hydraulic conductivity with which it is highly correlated [23] . Two scenarios were simulated to assess the infiltration of water in a 13-meter thick sediment subsurface section. The first scenario was considered with uniform coarse texture sediments having a porosity of 38% and saturated hydraulic conductivity of 24.81 cm/h. In the second scenario, thin layers of impervious fine texture soil were imbedded in the course texture sediment. Porosity of the fine texture soil was 42% and saturated hydraulic conductivity was 0.85/cm h. Parameters α and n were obtained with the Rosetta model using sand, silt, and clay contents for both the coarse and fine texture soil [24] . In total, fifteen soil samples were collected from the wadi channel and analyzed for grain size distribution having coarse to fine soil texture. The average of the grain sizes for the coarse texture samples have 93.39% sand, 4.93% silt, and 1.68% clay, whereas fine texture soil samples have 25.21% sand, 58.57% silt, and 16.2% clay. Parameters for the Mualem-van Genuchten model are shown in Table 1 . 
Results
Wadi Channel Geology
Data collected from dry wells was by visual observation. Eroded parts of the primary and tributary channels within the Wadi Qidayd drainage basin suggest that the alluvial aquifer is highly stratified with numerous beds occurring between the land surface and the base of the aquifer. The scale of these fining upwards beds ranges from 0.3 to 1.5 m. Flood events have removed the mud layer that separates the fining-upwards beds at some locations, thereby making the permeable bed thicker (up to 2 m). The overall aquifer ranges from less than 5 m in thickness in the upper (distal) reaches of minor tributaries to nearly 85 m in the primary channel in the proximal reach. These estimates are based on well depths that penetrate into or close to the base of the aquifer. The wells in the proximal reach may not yield an accurate estimate of the aquifer thickness because of saline-water occurrence which limits well depths. Based on field observations, it is estimated that there are at least four mud units occurring within each 5 to 30 m vertical segment of the aquifer. Three fining upward units were found in the dry well shown in Figure 4 within a 4 m open section. The thickness of the mud part of a bed increases downstream (settling time during a flood event) with a corresponding overall reduction primarily in vertical hydraulic conductivity. The lateral continuity of each storm-deposited, fining upward bed cannot be predicted accurately. There are likely some discontinuities that allow deep penetration of the wetted front before reaching a deeper bed at some locations (e.g., bed slope inflection points).
Water
The Precambrian rocks that occur along the perimeter walls of the wadi are highly fractured with the orientation of the fractures being vertical in many locations ( Figure 6 ). Large-diameter, fractured-rock wells (2-3 m) are used to supply isolated dwellings that are built atop the bluffs surrounding the distal parts of the wadi system. These wells demonstrate that the rock has sufficient hydraulic conductivity and storage to supply enough fresh water to supply large houses (10-15 m 3 /d) . A drawing showing the conceptual connection between the fractured rock aquifer and the alluvial aquifer is shown in Figure 7 . Commonly, during storms rainfall is trapped at the base of the heavily eroded "harrats" or lava fields that occur at the land surface along the upper rim of the wadis and flows between the boulders toward the edge of the wadi channels (Figure 8a ). The soil occurring at the base of the eroded lava boulders consists of a thick layer of dense clay (Figure 8b ). The surface water can then enter the fractured rock at the perimeter of the wadi channels and travel downward to enter the alluvium where the harrat system (eroded lava) comes in contact with the fractured rocks ( Figure 9 
some discontinuities that allow deep penetration of the wetted front before reaching a deeper bed at some locations (e.g., bed slope inflection points).
The Precambrian rocks that occur along the perimeter walls of the wadi are highly fractured with the orientation of the fractures being vertical in many locations ( Figure 6 ). Large-diameter, fractured-rock wells (2-3 m) are used to supply isolated dwellings that are built atop the bluffs surrounding the distal parts of the wadi system. These wells demonstrate that the rock has sufficient hydraulic conductivity and storage to supply enough fresh water to supply large houses (10-15 m 3 /d). A drawing showing the conceptual connection between the fractured rock aquifer and the alluvial aquifer is shown in Figure 7 . Commonly, during storms rainfall is trapped at the base of the heavily eroded "harrats" or lava fields that occur at the land surface along the upper rim of the wadis and flows between the boulders toward the edge of the wadi channels (Figure 8a ). The soil occurring at the base of the eroded lava boulders consists of a thick layer of dense clay (Figure 8b ). The surface water can then enter the fractured rock at the perimeter of the wadi channels and travel downward to enter the alluvium where the harrat system (eroded lava) comes in contact with the fractured rocks ( Figure 9 ). (a) 
Water Level Fluctuations
The water levels throughout the alluvial aquifer system of Wadi Qidayd are declining, but not in a regular manner. Many wells in the distal area where the alluvium is 5 m or less in thickness are dry most of the year. Some wells do receive some recharge from channel loss during floods. So, many wells have about 1 m of water in storage above the basement rock with the water table position being 4 m below surface. Water levels in the middle to proximal reaches of the wadi are between 13 and 35 m below surface and are either dry or the water is unusable due to high salinity in many areas. Wells are still being developed and pumped for sale of water in some parts of the wadi system.
The water level fluctuations in a well were recorded for eight months as shown in Figure 10 . A single precipitation event occurred near the end of December. The water level dropped from 14 to 
The water level fluctuations in a well were recorded for eight months as shown in Figure 10 . A single precipitation event occurred near the end of December. The water level dropped from 14 to 15.6 m and the HOBO logger was in the free air after 15.6 m. The water level showed stable measurements during the month of September and October as the logger measured the pressure of free air. There was no data during November and the first three weeks of December as the farmer removed the logger and dug the well 2 m deeper. Overall, the system water level was dropping without significant recovery during flood events. There was a delay of 10 days or greater after a rainfall/flood event between a pattern of declining water levels and a short-term rise in the water level with a return to a declining state. The temporary recovery of the water level in the well was likely due to either a pressure effect or water reaching the well from the fractured rock source at the edge of the channel. The rapid decline occurs because of the continuing pumping of the aquifer in the nearby area.
The water level fluctuations in a well were recorded for eight months as shown in Figure 10 . A single precipitation event occurred near the end of December. The water level dropped from 14 to 15.6 m and the HOBO logger was in the free air after 15.6 m. The water level showed stable measurements during the month of September and October as the logger measured the pressure of free air. There was no data during November and the first three weeks of December as the farmer removed the logger and dug the well 2 m deeper. Overall, the system water level was dropping without significant recovery during flood events. There was a delay of 10 days or greater after a rainfall/flood event between a pattern of declining water levels and a short-term rise in the water level with a return to a declining state. The temporary recovery of the water level in the well was likely due to either a pressure effect or water reaching the well from the fractured rock source at the edge of the channel. The rapid decline occurs because of the continuing pumping of the aquifer in the nearby area. Figure 5 ). Note that one rainfall event was recorded in December of 2014, but water level recovery did not occur for 10 days after the event and began to rapidly recede within a few days. The missing record was caused by the removal of the transducer from the well by the farmer as it was deepened. Figure 11 shows the precipitation and potential evaporation used for the hydrological simulator, HYDRUS 1-D (public domain free software) as a time-variable top boundary condition. The potential evaporation was calculated using the modified Penman-Monteith equation [24] . Hourly average values of various meteorological variables, including air temperature, relative humidity, wind speed, incoming shortwave radiation, and barometric pressure, were input into the model. Meteorological variables were recorded at a meteorological station located close to Wadi Qidayd. Two extreme precipitation events were simulated hypothetically. First, a precipitation event of 45 mm within four hours was chosen and second, an event equal to the precipitation of 90 mm within four hours was used which is the same as the devastating flood in Jeddah in 2009. The initial condition was considered as dry with 0.065 water content through the whole 13 m simulation domain.
Hydrus Modeling Results
model. Meteorological variables were recorded at a meteorological station located close to Wadi Qidayd. Two extreme precipitation events were simulated hypothetically. First, a precipitation event of 45 mm within four hours was chosen and second, an event equal to the precipitation of 90 mm within four hours was used which is the same as the devastating flood in Jeddah in 2009. The initial condition was considered as dry with 0.065 water content through the whole 13 m simulation domain. Figure 12a ,b shows that HYDRUS 1-D computed water content profiles based on the hydraulic parameters obtained for the first scenario with coarse texture sediment and second scenario with thin fine texture layers between the coarse texture sediment, respectively. In both scenarios, the effects of two extreme precipitation events are clearly visible in the water content profiles. In the time-and depth-dependent water content of scenario one, variations due to the first precipitation event can be observed in the top 5 m of the subsurface and after the second precipitation event the changes in water content remains in the top 10 m of sediment sequence (Figure 12a) . Furthermore, the maximum water content simulated on the 350th day of the year was 0.084, which is 0.036 more than the residual water content. Hydrological simulations confirm that the thick unsaturated zone of 13 meter cannot be recharged even if the sediment sequence has an entirely coarse sediment sequence even with the heaviest rainfall event ever recorded in the region of Wadi Qidayd. In the second scenario, nine thin layers of fine texture soil were considered in the top 7.5 m within the coarse sediment sequence (Figure 12b ). After the first precipitation event the first two thin layers of fine texture of soil represent the water infiltration and after second heavy precipitation event the water infiltration effect can be observed in the top four layers of fine texture of soil, which act as a mud layers (Figure 12b ). Hydrological simulations were tested by placing the thin fine texture layers at different depths and in all cases the water did not infiltrate below the fourth layer. In the wadi, mostly Acacia sp. trees are grown, which have long roots and the water trapped in the mud layers is Figure 12a ,b shows that HYDRUS 1-D computed water content profiles based on the hydraulic parameters obtained for the first scenario with coarse texture sediment and second scenario with thin fine texture layers between the coarse texture sediment, respectively. In both scenarios, the effects of two extreme precipitation events are clearly visible in the water content profiles. In the time-and depth-dependent water content of scenario one, variations due to the first precipitation event can be observed in the top 5 m of the subsurface and after the second precipitation event the changes in water content remains in the top 10 m of sediment sequence (Figure 12a) . Furthermore, the maximum water content simulated on the 350th day of the year was 0.084, which is 0.036 more than the residual water content. Hydrological simulations confirm that the thick unsaturated zone of 13 meter cannot be recharged even if the sediment sequence has an entirely coarse sediment sequence even with the heaviest rainfall event ever recorded in the region of Wadi Qidayd. In the second scenario, nine thin layers of fine texture soil were considered in the top 7.5 m within the coarse sediment sequence (Figure 12b ). After the first precipitation event the first two thin layers of fine texture of soil represent the water infiltration and after second heavy precipitation event the water infiltration effect can be observed in the top four layers of fine texture of soil, which act as a mud layers (Figure 12b ). Hydrological simulations were tested by placing the thin fine texture layers at different depths and in all cases the water did not infiltrate below the fourth layer. In the wadi, mostly Acacia sp. trees are grown, which have long roots and the water trapped in the mud layers is likely taken up by the root system. The effect of root water uptake was not incorporated in HYDRUS-1 modeling to keep the scenario simple and to simulate more subsurface infiltration. likely taken up by the root system. The effect of root water uptake was not incorporated in HYDRUS-1 modeling to keep the scenario simple and to simulate more subsurface infiltration.
(a) (b) Figure 12 . Simulated volumetric water content θ as a function of depth and time in days of the year, obtained for coarse texture sediments (a) and for nine think layers between coarse texture sediments (b).
Geophysical Profiles
A profile was made from the Precambrian rock located along the north wall of the main channel of the wadi toward the center of the channel. The first arrival travel times of the recorded data were picked and then inverted to find the subsurface velocity model shown in Figure 13 [25, 26] . The travel time tomogram represents the variation in seismic wave propagation in both the horizontal and vertical directions. Figure 13 shows that three different layers are present. The first layer below the 
A profile was made from the Precambrian rock located along the north wall of the main channel of the wadi toward the center of the channel. The first arrival travel times of the recorded data were picked and then inverted to find the subsurface velocity model shown in Figure 13 [25, 26] . The travel time tomogram represents the variation in seismic wave propagation in both the horizontal and vertical directions. Figure 13 shows that three different layers are present. The first layer below the surface consists of loose sand and gravel. It has a seismic wave velocity ranging between 600 and 880 m/s. The second layer consists of clay which is partially saturated with water with a seismic wave velocity ranging between 1130 and 1240 m/s. The third layer consists of highly fractured bedrock with a seismic wave velocity of 1440 to 2000 m/s. The depth to the top of the second layer ranges between 13-16 m at the northern part and 4-7 m at the central and southern parts of the profile, while the depth to the top of the third layer is about 24 m at the northern part, and 7 to 14 m at the central and southern parts of the profile.
A profile was made from the Precambrian rock located along the north wall of the main channel of the wadi toward the center of the channel. The first arrival travel times of the recorded data were picked and then inverted to find the subsurface velocity model shown in Figure 13 [25, 26] . The travel time tomogram represents the variation in seismic wave propagation in both the horizontal and vertical directions. Figure 13 shows that three different layers are present. The first layer below the surface consists of loose sand and gravel. It has a seismic wave velocity ranging between 600 and 880 m/s. The second layer consists of clay which is partially saturated with water with a seismic wave velocity ranging between 1130 and 1240 m/s. The third layer consists of highly fractured bedrock with a seismic wave velocity of 1440 to 2000 m/s. The depth to the top of the second layer ranges between 13-16 m at the northern part and 4-7 m at the central and southern parts of the profile, while the depth to the top of the third layer is about 24 m at the northern part, and 7 to 14 m at the central and southern parts of the profile. Similar to the seismic refraction tomogram, the resistivity profiles [27] were analyzed using the travel-time tomography method described by Yu et al. [19] and show three subsurface layers ( Figure 14) . These layers include a surface unit with a thickness of 2 to 6 m, consisting of dry lose mud, sand, and gravel with a resistivity ranging between 800 and 1000 Ohm.m, a second layer, partially saturated with water with very low resistivity values (10-100 Ohm.m), because it consists mainly of clay and has a thickness of about 10 m, and a bottom layer consisting mainly of bedrock with high resistivity values of 700 and gradually increasing to 3000 Ohm.m with depth. The water table is consistent with the top of the third layer, and the saturation is the reason for the decreased the resistivity of this layer from 3000 Ohm.m to about 700 Ohm.m. Similar to the seismic refraction tomogram, the resistivity profiles [27] were analyzed using the travel-time tomography method described by Yu et al. [19] and show three subsurface layers ( Figure 14) . These layers include a surface unit with a thickness of 2 to 6 m, consisting of dry lose mud, sand, and gravel with a resistivity ranging between 800 and 1000 Ohm.m, a second layer, partially saturated with water with very low resistivity values (10-100 Ohm.m), because it consists mainly of clay and has a thickness of about 10 m, and a bottom layer consisting mainly of bedrock with high resistivity values of 700 and gradually increasing to 3000 Ohm.m with depth. The water table is consistent with the top of the third layer, and the saturation is the reason for the decreased the resistivity of this layer from 3000 Ohm.m to about 700 Ohm.m.
Resistivity profile P-2 shows a very similar subsurface model to that of profile P-1, except at the northern part of P-2 where the first layer disappears. This is because the northern part of P-2 is recorded along a rock cliff, where the clay layer is exposed at the surface, and no sand-gravel layer was deposited at this location.
Comparing the resistivity and seismic results shows some similarities, especially the depth to the top of the third layer at the central and southern part of the profile. Both methods should not give identical results since the seismic method is sensitive to the elastic properties of the rocks, while the resistivity method is sensitive to the water content and salinity of the rocks.
The profile shows that the water table within the wadi channel sloped downward from the fractured rock edge of the channel inward towards the center of the channel. There is approximately 3 m difference which is significant in that the water table in the aquifer within the central part of the channel is lower than at the sides. This suggests that little or no recharge is occurring in the channel, but only at the edges of the channel via the fractured rocks. Resistivity profile P-2 shows a very similar subsurface model to that of profile P-1, except at the northern part of P-2 where the first layer disappears. This is because the northern part of P-2 is recorded along a rock cliff, where the clay layer is exposed at the surface, and no sand-gravel layer was deposited at this location.
The profile shows that the water table within the wadi channel sloped downward from the fractured rock edge of the channel inward towards the center of the channel. There is approximately 3 m difference which is significant in that the water table in the aquifer within the central part of the channel is lower than at the sides. This suggests that little or no recharge is occurring in the channel, but only at the edges of the channel via the fractured rocks.
Conclusions
Field observations of geology, water level measurements, geophysical profiles, and simple scenario-modeling using HYDRUS1-D, were conducted to investigate the current recharge mechanism within Wadi Qidayd in Western Saudi Arabia. The alluvial aquifer in this wadi has been heavily pumped and water levels are commonly greater than 25 m in depth in large areas of the system. The significant lowering of water levels by farm and commercial water sales wells is a relatively recent problem that did not occur historically in the wadi.
The data collected suggest that channel loss during floods is no longer the primary means of recharge in the wadi. This conclusion is based on the low water levels in the aquifer, resulting in a greater thickness of the unsaturated zone, the occurrence of naturally-occurring, fining upwards beds capped with low hydraulic conductivity clays, deflected water passing parallel to the mud layers downstream, higher water levels at the edge of the channel compared to the middle after a flood event, and the common occurrence of Acacia sp. which has long roots and removes water lying atop the mud layers. Simplified, scenario-modeling of the unsaturated zone using HYDRUS1-D suggests that the occurrence of four fining-upwards beds that contain a mud layer is sufficient to prevent the vertical recharge of the aquifer during flood events based on the actual range of rainfall and duration, as recorded at local weather stations.
Therefore, we conclude that most of the recharge to Wadi Qidayd currently occurs via the perimeter fractured rocks that have direct hydraulic connection to the horizontally-layered, high hydraulic conductivity gravel, and boulder beds to allow water collected in the harrat area to drain 
Therefore, we conclude that most of the recharge to Wadi Qidayd currently occurs via the perimeter fractured rocks that have direct hydraulic connection to the horizontally-layered, high hydraulic conductivity gravel, and boulder beds to allow water collected in the harrat area to drain into the aquifer. There may be some areas of the channel that still may receive direct recharge via channel loss in the distal areas of the wadi where mud layers may not occur and at slope inflection points where erosion or non-deposition of the mud layers occur. The unsaturated zone modeling shows that there is a minimum water level that, once reached, will preclude recharge due to the and thickness of the unsaturated zone and number of preserved mud layers that define the top of flood deposits.
The importance of this research is that the activities of humans (over-pumping) can change the physical mechanisms of recharge within an ephemeral stream. Once the mechanisms have been changed, the quantity of water available for use from the aquifer will significantly reduce and exacerbate the depletion problem. Therefore, wadi aquifers, which are generally believed to provide renewable water resources, may not be recharged sufficiently to be viable water sources in the future and could, perhaps, be considered to be non-renewable resources within a short-term time context.
With regard to water management of the wadi aquifer system, the channel recharge mechanism could be restored by reducing the pumping rate, removal of the Acacia sp. trees (or reducing the density), and monitoring of the wadi aquifer water levels. If pumping is ceased and a "rest period" is allowed to occur, eventually the water table will rise to a level wherein channel loss or infiltration can, again, reach the water table. The likely range of water level fluctuations that should occur with Wadi Qidayd is 1 to 5 m below the surface to maintain the channel recharge function.
The usefulness of our research may be limited to wadi systems lying in geological formations that produce muddy sediments during erosion and the geometry of the observed flood deposits. However, nearly all wadi aquifers contain sufficient mud in storm deposits in the proximal reaches to exhibit similar behavior to the observed throughout Wadi Qidayd.
